Nitrate uptake, reduction, and translocation were examined in intact, 14-day-old, nitrogen-depleted wheat (Triticum vulgare var. Knox) seedlings during a 9-hour exposure to 0.2 mM Ca(NO3)2. The nitrate uptake rate was low during the initial 3-hour period, increased during the 3-to 6-hour period, and then declined. By the 3rd hour, 14% of the absorbed nitrate had been reduced, and this increased to 36% by the 9th hour. Shoots accumulated reduced '5N more rapidly than roots and the ratio of reduced "N to '5N-nitrate was higher in the shoots. A significant proportion of the total reduction occurred in the root system under these experimental conditions. Accumulation of "N in ethanol-insoluble forms was evident in both roots and shoots by the 3rd hour and, after 4.5 hours, increased more rapidly in shoots than in roots.
experiments were conducted. The first involved exposure of nitrogen-depleted plants to nitrate solutions highly enriched in "N; the results show the effectiveness with which absorbed nitrate (a) accumulated in roots and shoots, (b) was reduced, and (c) was incorporated into protein during a 9-hr period. In the second experiment, a 3-hr exposure to highly enriched "Nnitrate was followed by an additional 12 hr in "N-nitrate, permitting an assessment of the fate of the initially absorbed "N-nitrate during the early phases of recovery from the nitrogen-depleted state.
MATERIALS AND METHODS
Wheat seed (Triticum vulgare var. Knox) were kept moist with 10-' M CaSO4, germinated 3 days in darkness, and transferred to small plastic cups containing holes in the bottom through which the roots were threaded. Each cup contained six seedlings and henceforth will be referred to as a culture. Roots of the required numbers of cultures were placed in 13- liter plastic tanks containing nutrients at one-fifth the concentrations given by Hoagland and Arnon (7) for minus nitrogen solutions. The plants were grown in these solutions for 11 days in a controlled environment chamber. Sixteen hr of light and 8 hr of darkness were used. The light intensity was 194 hectolux at plant height, and temperature was 24 +2 C and 17 + 2 C during the light and dark periods, respectively. These growth conditions produced seedlings low in nitrogen and high in carbohydrate content (16) . Thus the seedlings would be expected to absorb and assimilate nitrate nitrogen at a rapid rate, provided the required transport, reduction, and assimilatory systems were present.
Both experiments were conducted in the growth chamber at 25 C and 194 hectolux. For the first experiment, cultures were exposed to aerated 0.2 mm Ca("NO,), containing 95 atom % "N and were harvested at 0, 3 Nitrate nitrogen was determined by the phenoldisulfonic acid method (11) . When determination of 'N-enrichment in nitrate was required, nitrate was reduced to ammonia with Devarda's metal. Ammonium + amide and a-amino nitrogen were determined by a selective distillation method (1) , and other reduced nitrogen components were determined by micro-Kjeldahl procedure (19) . The quantity of "N in the samples was determined mass spectrometrically (22) .
To facilitate comparisons of reduction, assimilation, and translocation rates with uptake rates, all "N data, including that in shoots, are presented on the basis of unit dry weight of root tissue. "Uptake" or "absorption" refers to the total "N recovered in the entire plant, whereas "accumulation" or "incorporation" refers to the quantity of '.N present in any of the specified tissue fractions; "reduced "N" includes all of the nonnitrate fractions. Average dry weight per culture of shoots and roots, respectively, were 0.180 and 0.129 g for experiment I and 0.163 and 0.103 g for experiment II.
RESULTS

EXPERIMENT I
Nitrate Uptake, Accumulation, and Reduction. The slower nitrate uptake during the first 3 hr relative to the next 3 hr (Fig. IA) is typical of the apparent induction pattern of nitrate uptake noted previously with wheat (10, 14, 15) . The subsequent decline in rate has also been observed with Ca(NO.). solutions (14) .
Nitrate accumulated in both roots and shoots throughout the experiment (Fig. 1 , B and C). Efficient translocation was evident; by the 3rd hr the shoots contained 41% of the absorbed "N, primarily as nitrate (Fig. 2) . During the remainder of the experiment, however, the percentage of the absorbed "N which was translocated to the shoots increased to only 48% (Fig. 2C) . Reduction of the entering nitrate was evident by the 3rd-hr (Fig. 1 , B and C), reduced 1'N being present in both roots and shoots. Following that time, reduction increased substantially, with more reduced "N accumulating in the shoots than in the roots (Fig. 1, B and C). The percentage of entering nitrate which had been reduced rose from 14% at the 3rd hr to 36% by the 9th hr (Fig. 2D) . Throughout the experiment, the shoots differed from the roots in having a greater proportion of their total "N present in the reduced form (Fig. 1, B and C) .
Accumulation of Reduced "N Fractions. The majority of the reduced "N accumulated in the a-amino-N and insoluble N fractions (Fig. 2) . The ammonium + amide fraction constituted less than 3% of the total, and the majority of this fraction was recovered in the root tissue (Fig. 2) . Accumulation in the a-amino-N fraction of the roots declined toward the end of the experiment, indicating an approach to saturation. This trend was not as evident in the shoots. Accumulation as insoluble "N in the shoots exceeded that in the roots after 4.5 hr (Fig. 2, B increase in the rate of nitrate uptake or to a decrease in its rate of reduction during this period cannot be determined from the present data, but previous evidence (14) indicates that an abrupt increase in the uptake rate would not be expected. The atom per cent "N of the tissue nitrate decreased rapidly after transfer from "N-nitrate to "N-nitrate (Fig. 3B) , the decrease being more rapid in the roots than in the shoots. More than half of the "N-nitrate present in the roots at 3 hr was lost during the next 3 hr (Fig. 4B) . Some of the "N-nitrate accumulated in the shoots (Fig. 4A ) but more than 30% of the UN absorbed during the 3-hr exposure to "N was lost to the ambient solution during the subsequent 12-hr exposure to "Nnitrate (Fig. 5) . Figure 6 summarizes the relative distribution of UN in various plant fractions during the displacement period. About 16% of the total "5N present at 3 hr remained as nitrate in the plants at the end of the experiment (Fig. 6A ) while 35% had accumulated in the insoluble N fraction (Fig. 6D) . The aamino-"5N and the ammonium + amide "N of the roots decreased steadily during the "N displacement period (Fig. 6, B and C). In the shoots, both of these fractions increased during the 3-to 6-hr period. After 6 hr, there was a rapid decline in a-amino-"N while the ammonium + amide "N remained relatively constant (Fig. 6, B and C) . Accumulation of "N in the insoluble fraction of the shoots exceeded that of roots during the displacement period (Fig. 6D) . (13) , and were initially limited in their capacity to absorb nitrate (10, 14, 15) . Such plants may be expected to increase in nitrate reductase activity (2) and concurrently in nitrate uptake upon first exposure to nitrate, as has been demonstrated with dark-grown seedlings (9) , tobacco cell suspension cultures (6) , and Penicillium chrysogenuin (5) . However, in vitro measurements of nitrate reductase activity do not necessarily reflect the actual rates of nitrate reduction occurring in the tissue (cf. 25). One purpose of these studies was to obtain unequivocal values for the quantities of the entering nitrate which were reduced and assimilated during the initial exposure to nitrate.
In experiment I, 14% of the absorbed nitrate had been reduced during the first 3 hr (Fig. 2D) . Of the nitrate which was reduced during this period, 24% had been incorporated into the ethyl alcohol-insoluble fraction ( Fig. 2A) . Corresponding values for the first 3 hr of experiment II were 40% and 29%. The data show that significant reduction and incorporation of the absorbed nitrate into protein took place during the period prior to attainment of the maximal nitrate uptake rate.
Definitive conclusions on the proportion of the total "Nnitrate reduction which occurred in the roots of experiment I is not possible because of the likelihood of translocation of soluble reduced 1"N nitrogen from the roots to the shoots (8, 20, 21, 24) . During the four measurement periods of experiment I, rates of accumulation of reduced nitrogen in roots were 47, 44, 43, and 37% of the rates of accumulation of reduced nitrogen in the entire plant. These are minimal estimates of the relative quantities reduced in the roots and would be increased by the extent to which translocation of soluble reduced "N from roots to shoots exceeded the reverse process during each period. Since appreciable downward translocation of soluble reduced "N seems unlikely in the relatively short times of these experiments, it is probable that a sizeable, but steadily decreasing, proportion of the total nitrate reduction occurred in the root tissue. 55, 1975 The smoothed lines in Figures 5 and 6 also permit calculation of the minimal and maximal values for translocation of previously absorbed nitrate and reduced nitrogen to the shoots during the first 3 hr of exposure to "N-nitrate. The minimal amount translocated as '5N-nitrate was the increase in 15N-nitrate of the shoots, or 40 jug of "N g-'. During the same period, the roots decreased in reduced '5N by 45 [kg of '5N g-' so at least this amount was translocated to the shoots in the form of soluble reduced "N. Since total '5N translocation was 150 jig of "N g', at least 25% of the total "N translocated was in the form of soluble reduced "'N. This is a minimal value and assumes no "5N-nitrate reduction in the root system after transfer to the "N-nitrate solution. The absolutely maximal value for "N-nitrate available for translocation was 150 -45 = 105 jig of "N g-', whereas the "N-nitrate available for translocation was that present in the roots at the 3rd hr (450 ,ug of "N g-1) minus that lost to the ambient solution during the 3-to 6-hr period (approximately 125 ,ug of "5N g-'), or 325 ,ug of "N g-'. It follows that the maximal "N-nitrate translocated, as a percentage of that available for translocation was (105/325)100 = 32% during this period.
At the start of exposure to "N-nitrate, there was 125 ,ug of soluble reduced "N g-' in the root tissue. During the next 3 hr, the insoluble fraction of the roots increased only by about 15 jug of "N g-'. Again assuming no reduction of "'N-nitrate in the roots during the chase period, there would have been 1 10 jug of soluble reduced "N g-1 available for translocation. Since on the same assumptions, at least 45 ,ug of soluble reduced "N g-' was translocated, the minimal soluble reduced '1N translocated, as a percentage of that available for translocation, was more than 40%. A fairly efficient translocation of soluble reduced "N during the first 3 hr after transfer to "N-nitrate is clearly indicated under these experimental conditions. After this time, however, there was an abrupt cessation in translocation.
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